Whole atmosphere seeing β 0 is the most important parameter in site testing measurements. Estimation of the seeing from a variance of differential image motion is always biased by a non-zero DIMM exposure, which results in a wind smoothing. In the paper, the wind effects are studied within short exposure approximation, i.e. when the wind shifts turbulence during exposure by distance lesser than device aperture. The method of correction for this effect on the base of image motion correlation between adjacent frames is proposed. It is shown that the correlation can be used for estimation of the mean wind speedV 2 and atmospheric coherence time τ 0 . Total power of longitudinal and transverse image motion is suggested for elimination of dependence on the wind direction. Obtained theoretical results were tested on the data obtained on Mount Shatdjatmaz in 2007-2010 with MASS/DIMM device and good agreement was found.
INTRODUCTION
The measurement of differential image motion by using Differential Image Motion Monitor (DIMM) is widely spread method for characterization of the atmospheric optical turbulence (OT) (Sarazin & Roddier 1990; Vernin & MunozTunon 1995) . The differential image motion corresponds to the fluctuations of the difference of wavefront tilts (or difference of angles-of-arrival) in two close apertures. The DIMM is simple and robust instrument which suits well for longterm and field campaigns. Interpretation of its output data based on the theory of light propagation through turbulent media is quite straightforward: variance of the differential image motion is unambiguously connected with seeing β0 (Sarazin & Roddier 1990; Martin 1987) .
However, there are several effects introducing biases and random errors in DIMM results (Tokovinin 2002; . One of them arises due to the fact that CCD camera captures star images which are used for centroids estimation with non-zero exposure. During typical exposure time τ ∼ 10 ms, a wind shifts the turbulence by distance comparable or more than aperture D. Therefore estimated centroids inevitably undergo the wind smoothing.
Necessity of reduction for this effect led to appearance of both theoretical (Martin 1987) and experimental (Soules et al. 1996) studies of impact of the exposure on power of the differential image motion measured with DIMM. The methods of correction developed in these works require an a priori information about wind or some temporal characteris-⋆ E-mail: safonov@sai.msu.ru tics of the image motion estimated during the measurement process. Usually DIMM data is corrected for this bias using interlaced exposures. This method consists of alternation of single and double exposures (for instance 5 and 10 ms). Seeings are measured separately for these two sets and final estimation calculated as certain combination of them (Sarazin 1997; Tokovinin 2002) .
Realization of the measurements with modern CCD cameras changed situation significantly. It became possible to use shorter exposures and faster frame rates. On the other hand, the method of the interlaced exposures can be hardly used with these cameras.
Alternative solution of the problem consists in a measurement of covariance of the image motion between adjacent frames, which is defined by characteristic timescales of the process. In this paper we describe this method and prove theoretically its applicability. Also, it is shown that the covariance can be used to estimate some effective wind in the atmosphere.
In two first sections, we consider general expressions defining power of differential image motion and effect of wind smoothing for a single turbulent layer. The dependencies of the power (variance of differential image motion) on wind speed and wind direction and instrumental parameters are studied as well.
In the section 4, we show that in short exposure regime, when the wind shear vτ ≪ D, where v is the wind speed, the wind effects can be described as a quadratic functions of the shear. This approximation allows us to establish simple relation between the wind effects on variance and covariance.
The section 5 generalizes obtained results for the case of the whole atmosphere. Expressions of the wind effects on variance and covariance depending on some effective wind are given. Then we describe the correction of measured variances to zero exposure and define an applicability and accuracy the method. Obtained formulae permit to evaluate square averaged windV2 weighted with turbulence intensity and calculate the atmospheric coherence time τ0. This is demonstrated in the Section 6.3 on the base of analysis of real data. The last section contains discussion of the results and recommendations on optimal measurements and processing. Details of evaluation of needed integrals over twodimensional spatial frequency are given in appendixes.
The numerical estimates are computed for DIMM device which we use for the OT measurement on Mount Shatdjatmaz (Kornilov et al. 2010) . Main parameters of the instrument are aperture diameter D = 0.09 m, dimensionless baseline b = 2.18, exposure τ = 4 ms before 2009 December 13 and 2.5 ms after, period between exposures T = 5 ms.
BASIC RELATIONS FOR SINGLE
TURBULENT LAYER
Spatial spectrum of the differential image motion
Equations for spatial spectrum of the differential image motion were given in classical works by Fried (1965) and Martin (1987) . In the paper of Martin (1987) , these equations were developed by successive filtering of initial spatial spectrum of light wave phase distortions on the assumption of Kolmogorov OT model. It is known that spectral power density Φ of phase fluctuations is proportional to the intensity ∆J = C 2 n ∆h in homogeneous and isotropic turbulent layer:
where f is the modulus of the 2D spatial frequency, λ is the wavelength and r0 is the Fried parameter. For practical purposes ∆J is more appropriate because this value is layer-by-layer additive and used for characterization of vertical OT profile. The phase spectrum is axisymmetric, i.e. depends only on the f and has the dimension m −2 . Eq. (1) is valid on condition that propagation effects of disturbed wavefront can be neglected (near-field approximation).
Hereinafter we use coordinate system different from one used by Martin (1987) . The x axis is placed along line connecting centres of apertures. In frequency domain, coordinates of a point are defined by modulus f and position angle φ being reckoned from the x axis. As usual two components of the differential image motion are considered: longitudinal is measured along the x axis (hereafter l-motion) and transverse is measured along y axis (t-motion).
The spectrum F of the image motion can be represented as a product of phase spectrum, gradient filter, aperture filter and differential filter (Martin 1987; Tokovinin 2002) . Formulae for these filters were transformed to used coordinate system. Gradient filter G for l-and t-motions has the form
where factor (λ/2π) 2 is needed to pass from the slope in m −1
to the angle-of-arrival in radians, measured in the method. Expression for the aperture filter A depends on how image centroids are evaluated. This issue is quite important because the wavefront cannot be considered flat within aperture of the diameter D and corresponding image in focal plane is neither diffractive nor even axisymmetrical. Normally two models are considered: gravity centre of the image (g-tilt, see Martin 1987) or position corresponding to the normal of plane approximating wavefront within aperture (z-tilt, see Fried 1975) . The difference between these approaches was analyzed in the paper of Tokovinin (2002) . Both filters are axisymmetrical and can be expressed through Bessel functions Jn as
We will use A g (Df ) by default since an exact form of aperture filter is not critical for analysis.
The differential filter corresponding to two identical apertures placed at the distance B from each other along x axis is given by the expression:
The final spectral power density F (f, φ) of the differential image motion measured with DIMM is defined by the relation:
It is worth noting that after substitution of (1) and (2), the spectral density will not depend on wavelength λ of incoming light.
Power of differential image motion
Variance of the differential image motion σ 2 l,t can be computed as integral of the F l,t (f, φ) over all spatial frequencies. Because integration is being carried out in polar coordinates, factor f has to be added. Let us group the spectral filters in order to separate terms depending and not depending on polar angle φ for consequent averaging by this angle. Also, it is convenient to use the dimensionless frequency q = f D and the dimensionless baseline b = B/D. In this case, the variance of the differential image motion is
where the factor Ψ l,t (q) is a result of averaging of all terms depending on angle φ over this angle. In case of the l-motion, it becomes
and for the t-motion:
For derivation of Ψ(q), the relations from Append. A were used. In cases when it is not important, we will discard subscripts designating component of the image motion. Sum of the variances of both components σ 2 c = σ 2 t + σ 2 l (hereafter total differential image motion: c-motion) is very convenient for theoretical analysis and interpretation of observational data. Evidently, its gradient filter Gc(f ) = (λ f ) 2 is axisymmetrical and corresponding function Ψc(q) looks like
Although it is not explicitly indicated, functions Ψ(q) depend on the baseline b. Integration over the dimensionless frequency q leads to formulae depending on this only parameter. Let us denote these integrals as K(b):
Integrals K(b) can be expressed analytically through hypergeometric functions, but exact expressions can not be used due to its bad convergence. It is more practical to utilize various approximations (see e.g. Martin 1987; Sarazin & Roddier 1990; Tokovinin 2002) . For the c-motion, K(b) is given by:
Accuracy of this formula is reasonably good because hypergeometric function (entering the precise expression) has a good convergence for b > 1 and deviates from 1 by no more than 0.005 in domain 1.2 < b < ∞. Analogous expression for the case of z-tilt can be obtained as well:
Formulae (11) and (12) coincide with the equations (7) and (8) are given in (Tokovinin 2002) , except that our definition of K(b) differs from the instrument constant K derived there in additional factor 6.95 = (0.0229 · 2π) −1 . Also, it must be taken into account that Kc(b) = Kt(b) + K l (b).
WIND EFFECT ON THE DIFFERENTIAL IMAGE MOTION

Spectral filters for non-zero exposures
Effect of wind smoothing can be estimated by multiplying of temporal power spectrum of the image motion by the spectral filter corresponding to averaging during the exposure τ . However, it is easier to use spatial averaging in the direction of the wind in rectangular window with length equal to the wind shear vτ and zero width as it was done by Martin (1987) . In the used coordinate system, the wind blows at the angle θ to the x axis. Introducing dimensionless wind shear ω = vτ /D, one can write the spatial averaging filter S(q, φ) as
where sinc(x) = sin(πx)/πx. It is clear that the role of this filter is to suppress high-frequencies in the spatial spectrum.
Covariance of image motion between adjacent exposures can be expressed through variance of binned data. In order to obtain this variance, it is not sufficient just to double exposure in formula (13) because in actual measurements existing technical limitations lead to a certain pause between adjacent exposures. Therefore one should use the filter, which corresponds to two separate averaging windows:
where the period of exposures T τ and corresponding dimensionless wind shearω = vT /D. It can be seen that in the case of T = τ expression for S2(ω,ω) becomes identical to S1(2ω).
Multiplication of spectrum F (q, φ) by the filter S and subsequent integration lead to the expression for the varianceσ 2 of the smoothed image motion. Extracting term for non-smoothed power σ 2 0 , one can get
The last integral represents the correction to zero exposure δσ 2 (ω, θ). Hereinafter we will call this value as wind effect on variance.
With help of equation for covariance between adjacent positional measurements cov1 = 2σ 2 2 −σ 2 1 , the corresponding filter C1 can be obtained:
Respectively, the wind effect on covariance:
The dependence of δσ 2 (ω, θ) and δc(ω,ω, θ) on turbulence layer intensity can be removed by normalization by zero exposure variance σ 2 0 . Parts of the filters S1 and C1 depending on angle φ − θ should be included in integrand in expression for function Ψ(q) (see section 2.2). Practically, this effect can be estimated by virtuosic analytics (e.g. by series expansion, Conan et al. 2000) or numerical integration. The latter is more preferable for us since obtained results in any case are equally difficult for analysis due to many input parameters.
Features of wind smoothing effect
The dependencies of the normalized wind effects on wind direction and wind shear computed with formulae (15) and (17) are shown in Fig. 1 . Variations of the wind effects with wind direction can be clearly seen. The effects are at maximum when the direction of image motion coincides with the wind direction and at minimum when they are perpendicular. The maximum differs from the minimum almost twice. On the average, the normalized effects are larger for t-motion than for l-motion. The same is valid for the covariance. depend on the wind direction. Its maximal deviation from the mean is less than 1.5 per cent.
Since dependencies of variancesσ The l-and t-motions are independent, in other words their correlation (corresponding gradient filter is (λf ) 2 cos φ sin φ) equals to zero. However when wind smoothing is taking place, the measured l-and t-motions become partly correlated. Correlation coefficient changes as sin 2θ, i.e. reaches its maximum when wind blows at angle ±45
• to the baseline. The same dependencies as in Fig. 1 but as a functions of the wind shear ω are presented in Fig. 2 . For small argument, the curves are parallel to each other what indicates their proportionality. Weak dependence of theσ 2 c on wind direction results in a quite small distance between upper and lower boundaries. Slope of the curves corresponds to quadratic dependence of the effect on ω. This feature will be considered in details in following section.
SHORT EXPOSURE APPROXIMATION
Averaging over all wind directions
The mean wind effect can be estimated by averaging of the expression (15) for the varianceσ 2 over angle θ. Such averaging affects only the filter S1 and leads to the expressioñ
where the function T1(ωq) is a spectral filter of the wind shear (Kornilov 2011b) . Further averaging over the angle φ results in a new function Ψ ′ (q) = Ψ(q) T1(ωq).
The filter of the wind shear has the asymptotic T1(ωq) ≈ 1−π 2 ω 2 q 2 /6 near the origin which is accurate while ω ≪ 1/π because q < 1. Using this approximation, one can calculate the wind effect δσ 2 (ω) or correction to zero exposure:
Integral over dimensionless frequency in this formula
differs from integral K(b) in the multiplicand q 4/3 only and also depends on a single parameter b. For the case of cmotion, it can be computed analytically and for b = 2.18 equals to Lc(b) = 0.367, varying insignificantly in range between 0.374 and 0.366 for 1.2 < b < ∞. As above, to designate the total differential image motion, subscript c are used.
Let us consider the covariance when exposure τ = 0. Then the filter S1 ≡ 1 and averaging over all wind directions results in
If the wind shear is finite but small, ω ≪ 1, an expansion of sinc 2 near zero can be used and filter C1(q, φ, ω,ω, θ) can be transformed in the following way:
after averaging this filter over θ: Comparison of this expression with (21) allows to conclude that wind effect on covariance depends mostly on the exposures period T . Even in the case of τ = T , the value δc changes only by ≈ 1/6 with respect to the case τ = 0.
Expansion of the Bessel function near zero permits to get the formula for δc:
From this expression and the formula (19), universal relation between the wind effects on variance and covariance can be obtained: 
Arbitrary wind direction
For arbitrary wind direction, the computing of the wind effects reduces to integration of the expression containing the differential filter, the gradient filter and the S1 over angle φ. Let us suppose that we can use quadratic expansion of 1 − S1:
Then, the wind effect on variance is calculated by formula
where the L * is similar to the integral (20) with functions Ψ * (q) instead Ψ(q) (see Append. A) and depends not only on the b but also on the wind direction θ.
Values of these integrals L * (b, θ) are given in Table 1 for all components of image motion and for different wind directions. Note, that according to (28), the integrals L * averaged over all directions are half of the corresponding L.
Formulae (A4), (A6) and (A7) reflect dependence on the wind direction in the form cos 2θ as depicted in Fig. 1 . These formulae allow to deduce expressions for Ψ * (q, θ) averaged over all wind directions as well:
Therefore, after averaging over θ, formula (27) coincides entirely with equation (19). Similar relation can be obtained for the wind effect on covariance by using of quadratic approximation of spectral filter 1 − C1:
Clearly, the result for δc(ω,ω) differs from expression (27) only in factor ω 2 /3 + 2ω 2 instead of ω 2 /3. It means that for arbitrary wind direction, a relation between the wind effects on variance and covariance is described by formula (25) as well. 
Applicability of the short exposure approximation
As it was shown above, the dependence of the wind effects on the wind shear demonstrates the quadratic behavior for short exposures and period between them. As a matter of fact, this is the definition of short exposure regime: the conditions for which the quadratic approximation is sufficient for practical usage. In the case of measurement of stellar scintillation with Multi-Aperture Scintillation Sensor (Kornilov et al. 2003) , the effect of wind smoothing can be described by minimal set of parameters and a single criterion of applicability of short exposure approximation can be defined (Kornilov 2011a) . For differential image motion, the situation is more complex. Fig. 2 indicates that for different components of the image motion and wind directions, criteria should be different.
Acceptable error of the approximation depends on problem at hand. As for correction to zero exposure, required absolute error of the normalized wind effect coincides with desirable relative accuracy ǫ of the result: ∆δσ 2 /σ 2 0 = ǫ. Deviations of the quadratic approximation of δσ 2 /σ 2 0 from their exact functions are shown in Fig. 3 . For the land t-motions, there are a large uncertainty in estimation of allowable wind shear. For instance, in order to provide accuracy 0.02 of σ 2 0 in case of wind blowing perpendicularly to baseline, the wind shear should be less than 0.4 for the tmotion and less than 0.8 for the l-motion. This corresponds to wind speed v = 9 and 18 m s −1 , respectively. Far greater certainty can be reached when the c-motion is considered, because it demonstrates weak dependence on the wind direction. In this case one can argue that required accuracy is provided for ω < 0.5 (11 m s −1 ) for any wind direction.
The quadratic approximation of the wind effect on covariance δc/σ 2 0 works worse, what is expectable from more complex behavior of exact dependence and much greater coefficient in corresponding formulae. Requirements for approximation accuracy will be formulated later in sections dealing with practical application of δc/σ 2 0 . Quadratic approximation coefficients were computed from formula (27) using equation (6) for normalization and integrals from Table 1. They ensure correct behavior near ω = 0 but do not provide minimal residual in desirable range of the wind shear. The range of approximation can be expanded by slight reduction of computed coefficient as is shown in the figure with the grey curve. For the c-motion, error of δσ 2 becomes less than 0.01σ 2 0 in the range 0 ω 1 which corresponds to maximal wind speed v = 22.5 m s −1 for 4 ms exposure and 36 m s −1 for 2.5 ms.
EFFECT OF THE WHOLE ATMOSPHERE
Total wind smoothing effect
In previous sections we considered smoothing of the differential image motion for infinitely thin turbulent layer with intensity ∆J = C 2 n (h) dh and certain wind speed and direction. As was mentioned before (see Sect. 2.1), the effect of wave propagation was not taken into account, though for some cases its impact can be significant 1 . Weak perturbations approximation assumes independence of phase distortions generated by different turbulent layers. Because of this all second moments can be simply added layer-wise and for measurement with zero exposure:
where integration is performed over the whole atmosphere and Jtot is the total turbulence intensity. This is the basic equation of the differential image motion method of measurement of the integral turbulence intensity in the atmosphere.
For non-zero exposure (or ω = 0) expression is somewhat more complex because in general case it is necessary to take into account dependencies ω(h) and θ(h). Nevertheless, the smoothed variancesσ 2 (h) and covariances can be integrated over the atmosphere. The same is valid for wind effects on the variance δσ 2 and covariance δc. Within the short exposure approximation, total effect on the variance (for clarity, dependence on b is omitted) is given by:
In order to make integrand dependent only on atmospheric characteristics, we replace the dimensionless wind shear by its definition ω = vτ /D and take all device parameters out of the integral. Additionally, let us take out value L * = L/2 averaged over all wind directions leaving under the integral ratio 2L * (θ)/L which is of the order of unity. After these transformations, the integral represents second atmospheric moment of the wind speed distorted by angular dependence. Being normalized by total turbulence intensity Jtot it becomes some effective squared wind speed 
where
Similarly, one can obtain the expression for normalized wind effect on covariance:
The dependence (32) can be used for estimation of wind effect on variance, if vertical profiles of the OT and the wind speed or effective squared wind speed are known. On the contrary, formula (34) is useful to estimate atmospheric parameter v 2 from measured δc value. Since sensitivity of DIMM instrument K(b) increases slowly with b and L(b) does not, it follows from equation (32), that DIMM with the larger baseline is less sensitive to wind impact.
Correction of image motion variance
Recall that in the papers of Martin (1987) ; Soules et al. (1996) , the wind correction was estimated on the basis of model assumptions about vertical OT profile C 2 n (h) and wind speed v(h). Estimations of this kind are useful for planning or analysis but are not suitable for reduction of real data due to low accuracy.
The usage of the v 2 seems useful for real data reduction. This value is similar to square averaged windV2 which enters the definition of atmospheric coherence time τ0 and sometimes being measured by other methods together with DIMM measurements. However, without information on dominant wind direction these speeds may differ almost twice (see Table 1 ).
The method of interlaced exposures and the method of covariance represent versions of the same method which does not require additional data.
From formulae (32) and (34) it follows as well as for single turbulent layer (25) that for short exposure regime, the wind effects on variance and covariance are proportional to each other and constant of proportionality α depends only on parameters of image acquisition process τ and T :
It allows us to correct the measured variance to zero exposure using the value δc also obtained from measurements. Constant of the process α = τ 2 /(τ 2 + 6 T 2 ) < 1/7 because T τ . Both parts of the equation (35) can be divided by measuredσ 2 . In this case procedure of correction looks like:
Recalling definition δc = σ 2 0 − cov1 (17), one can rewrite previous expression in the following form: The right hand expression includes only measured values, where theρ is correlation coefficient of successive measured centroids. Pay attention that theρ = cov1/σ 2 differs from true correlation coefficient cov1/σ 2 0 in normalization. Requirements for accuracy of the correlation coefficient are quite mild because α < 1/7 (for our device α = 0.0964). This is valid not only for measurement errors but also for errors arising from quadratic approximation of δc(ω)/σ For shorter exposure 2.5 ms (instead of 4 ms), the error of the approximation significantly reduces (by factor of ≈ 2.5) as well as wind smoothing effect itself. Maximal allowable value of the wind shear becomesω = 0.9 (16 m s −1 ). Because of the constant α becomes 0.04, the impact of δc uncertainty also decreases.
Slope of the linear dependency predicted by theory, does not guarantee the minimal approximation errors in the needed range of wind shear. These errors can be significantly reduced by increase of slope of linear dependency. For example, the linear approximation of the dependence δσ 2 on δc with slope 0.15 provides error less than 0.01 σ 2 0 up tô ω = 0.8 (14.4 m s −1 ). Note, that for our measurements, the most probable valueω = 0.25 and median value is 0.32.
More complex approximation describing computed dependence δσ 2 (ρ) better, does not ensure additivity of the impacts of an individual layers and, in general case, may give worse results. Only linear combinations of variance and covariance provide independence on OT and wind speed vertical profile.
Wind speedV2 evaluation
From the expression (33) it follows that v 2 differs from square averaged windV2 in additional multiplicand 2L * (θ)/L which varies by 2-3 times depending on wind direction in the case of t-and l-motions. At the same time, for the c-motion this factor deviates from 1 by no more than 3 per cent (see Table 1 ) and angular dependence can be neglected. Therefore, in this case, one can assumeV2 = v 2 1/2 exactly.
The definition of δc and the expression (37) set the connection between normalized correction for covariance and measured correlation coefficientρ:
what allows to express square averaged wind speedV2 through instrumental parameters and measuredρ:
This dependence gives reasonably good estimation of theV2 while quadratic approximation for δc(ω) is valid. For greater wind speeds, rise of δc(ω) slows down and evaluatedV2 becomes underestimated. This effect is illustrated in Fig. 5 . For our DIMM device substitution of numerical values in formula (40) givesV2 = 13.8 (1−ρ) 1/2 . Corresponding dependence is shown in figure by dashed line.
Comparison of the exact dependence with approximate shows that short exposure approximation underestimates wind speed by 13 per cent and 32 per cent for 5 m s −1 and 10 m s −1 , respectively. Exposure time has almost no effect on appearance of this curve; on the contrary, change in the period T leads to proportional change of y axis scale.
Naturally, impact of fast turbulence layers will be significantly weakened. Therefore, the wind speed derived with DIMM can be considered only as lower estimate of theV2. To do it more realistic, CCD camera frame period T should be reduced twice at least. Then, the underestimate ≈ 30 per cent will be provided for turbulent layer with 20 m s −1 wind. Additionally, certain improvement can be achieved by increase of DIMM aperture D. Nevertheless, the method is able to give quite good estimates even with existent device, as will be shown in Sect. 6.3 on real data.
Considered average wind speedV2 differs slightly from 6 EXPERIMENTAL DATA
Measurements data and correction for finite exposure
Experimental proof of the basic relations was made using MASS/DIMM data obtained on Mount Shatdjatmaz in -2010 (Kornilov et al. 2010 for characterisation of OT. The program dimm 2 records measurements results in output file every 2 s and also its 1-minute averages. These results include variances var and covariances of the differential image motions and coordinate noise var * in longitudinal and transverse directions. Value of coordinate noise is computed during processing of frames using formula (8) from ) which gives slightly underestimated values for thresholding centroiding method since it does not take into account fluctuations of number of pixels exceeding a threshold.
Though in the real conditions, impact of the noise is very small (median of ratio var * /var ≈ 0.0008 and in 99.7 per cent of cases it is less than 0.01), nevertheless, it is taken into account in further processing in obvious way: σ 2 = var − var * . Covariance is not biased by the noise but incorrect account for the noise inσ 2 can lead to bias in the correlation coefficient.
Distributions of the correlation coefficients in 2007-2009 (containing ≈ 90 000 1-minute points) have similar characteristics for all image motions: medians are equal to 0.85, only for 4 per cent of eventsρ < 0.6 and for 1 per cent -ρ < 0.44. On the other hand, only for 5 per cent of the measurements,ρ > 0.95 and 0.5 per cent > 0.97. Distributions of 2-s points demonstrate similar behavior slightly different in details.
Prior to theoretical analysis described in this paper, during processing MASS/DIMM data in 2010, we used the following empirical law (based on numerical calculations, see Sect. 3.1):
To define the coefficient 0.15, the differential distribution of theρ as weights was used. Dependence (41) corresponds to the formula (37) with α = 0.13. In Fig. 6 , the distributions of the corrections δσ 2 /σ 2 0 obtained from theρ using formula (37) with theoretical values α = 0.096 and α = 0.13 are shown. These distributions are quite close. Median of required correction is about 0.02. For 90 per cent of measurements, the correction is less than 0.04. It is possible to estimate that in marginal casesρ < 0.5, the correction reaches 0.08. Note that these numbers are quite expectable taking into account that site under consideration has small median wind speed (2.3 m s −1 ).
Dependence on wind direction
Analysis of angles between wind direction and baseline for our measurements shows that their distribution is close to uniform. There is no any preferable angles, variations does not exceed ±20 per cent. For the detection of angular dependencies in the l-and the t-motion, the following combination of the wind effects are used:
Using results of Sect. 5.1, it can be shown that
where averaging is done over the whole atmosphere with weight v 2 C 2 n . Assuming that for majority of the measurements the ground layer is dominant, one can use surface wind direction as estimate of mean wind direction.
In Fig. 7 , computed dependencies of Θ ratio on wind direction for different values of ω (they affect Θ only slightly) are shown. Medians, 1st and 3rd quartiles (in groups of 500 points) ofΘ derived from measuredρ are also presented. To minimize the impact of measurements errors and uncertainties of the wind direction, data points were selected when surface wind was vGL 4 m s −1 . Observed dependence looks similar to expected though its amplitude is lower. Difference in amplitude can be explained by the fact that wind direction can be different in different layers of atmosphere. Also amplitude could be reduced by small negative bias inρc. We did not find dependence of the correlation coefficient of the c-motion on the wind direction.
Comparison of wind speeds estimated from MASS and DIMM data
For verification of the estimate the effective wind, we have performed comparison ofV2 estimates from data obtained simultaneously with DIMM and MASS. In order to do this, the average wind speedV free = 1.59 · 10
in free atmosphere was computed using τ0 and free atmosphere intensity J free measured with MASS (Kornilov 2011a) . Then, the wind speed was corrected with ground layer intensity JGL and surface wind speed vGL from meteodata with help of expressionV
The frame rate of our DIMM camera reaches 200 frames per second. The program dimm output data format allows us to computeρc and thenV2 using formula (40).
Results of comparison of 1-minuteV2 estimates and wind speedsVMASS is shown in Fig. 8 , in the form of median and 1st and 3rd quartiles (in groups of 500 points). The quartiles indicate that the dependence is quite narrow, mean spread is ±1 m s −1 . Median curve is similar to expected exact dependence depicted by thin solid line but for higher wind speed it lies somewhat lower (this reflect the loss of impact of fast turbulence layers). For clarity, left vertical axis presents the atmospheric time computed assuming median β0 = 0.93 arcsec.
Median values of the wind speedsVMASS = 5.84 m s 
DISCUSSION AND CONCLUSIONS
Applicability of quadratic approximation of the wind effects for the measurement of the differential image motion depends on several instrumental parameters. Exposure time and period between exposures are most important of them.
Data analysis indicated that for two brightest stars used in our measurements, 4 ms exposure lead to saturation in centres of images. Because of this we reduced exposure to 2.5 ms starting from December, 2009. Median noise impact increased insignificantly to ≈ 0.0011 and for the faintest target stars with magnitude ∼ 3 m became ≈ 0.004. Such negligible increase of the noise means that exposure can be reduced further.
The 2.5 ms exposure requires correction less by factor of approximately 2.5 (α = 0.04). For our measurements it means that in 90 per cent of time correction is less than 0.015 and only in rare cases ∼ 0.033.
Reduction of the exposures period T considerably expands capabilities of the DIMM. For the most CCD, maximal frame rate is defined by exposure and height of region of interest on detector. Usually, the height of the window is set to 60-80 CCD rows. It is conditioned by amplitude of telescope tube vibrations occurring at wind speed greater than ∼ 7 m s −1 . More robust mount will allow to reduce the height of the window to 20-30 rows and increase frame rate up to 400 frames per second. Such acquisition rate makes it possible to estimate mean squared windV2 with reasonably good accuracy up to speed ∼ 10 m s −1 , what corresponds to τ0 = 3 ms for site with median seeing β0 = 1 arcsec. Lower values of τ0 will be estimated with larger bias but these situations are less interesting for high-technology astronomical observations. Anyway, the possibility to estimate the atmospheric coherence time using DIMM is promising because DIMM is most common site testing instrument.
Let us briefly summarize main conclusions from analysis of the differential image motion in the short exposure approximation given in the paper.
(i) Transverse image motion is more subject to the wind smoothing. The effect is at its maximum at wind blowing across the device baseline. On the contrary, for l-motion, the effect is maximal at wind blowing along the baseline.
(ii) Total differential image motion σ 2 c = σ 2 l + σ 2 t has a simpler description. Its main advantage is a weak dependence (less than ±0.02) on the wind direction.
(iii) Effect of the wind smoothing for short exposures is proportional to exposure squared. It is possible to significantly diminish effect without loss of accuracy by using a shorter exposures.
(iv) Effect of the wind smoothing for short exposures depends on device aperture diameter as ∝ D
−2 , what leads to significant increase in wind effect for DIMMs with small apertures.
(v) Correction of measured variance of image motion can be performed in simple way using measured correlation coefficients between adjacent frames.
(vi) Value of the correlation coefficient for c-motion does not practically depends on wind directions and can be used for the estimation of the averaged windV2 and the atmospheric coherence time for the whole atmosphere.
Taking into account the fact that power of the c-motion σ 2 c can be derived with greater accuracy than for σ 2 l and σ 2 t individually, we recommend to use it and corresponding relation (11) or (12) for calculation of the integral turbulence intensity. Widely spread estimation of the seeing as average between β0 obtained from l-and t-motions in conditions of significant wind smoothing is biased and non-optimal.
Expressions for the wind effect δc obtained in this work can be adopted to another pattern of readout from DIMM camera. For example, with full-frame CCD it is possible to obtain 2 (or more) successive exposures without pause between them and then to readout all subframes together during some time.
In the present work we did not consider influence of inner and outer scale of turbulence and possible departures from Kolmogorov law. We also did not take into account the effect of propagation of light wave which can be significant for high-altitude turbulence. Effect of propagation suppresses high frequencies of spatial spectrum of the image motions and, as a consequence, an influence of the wind smoothing become smaller. This reflects in decrease of integrals K and L, and the latter changes far more significantly. Amount of effect is about 20 per cent for the turbulence in the tropopause. Nevertheless, the quadratic approximation (32, 34) is still valid and can be used.
